Substance use disorders (SUD) can be considered developmental disorders in light of their frequent origins in substance initiation during adolescence. Cross-sectional functional magnetic resonance imaging (fMRI) studies of adolescent substance users or adolescents with SUD have indicated aberrations in brain structures or circuits implicated in motivation, self-control, and mood-regulation. However, attributing these differences to the neurotoxicological effects of chronic substance use has been problematic in that these circuits are also aberrant in at-risk children, such as those with prenatal substance exposure, externalizing disorders (such as conduct disorder), or prodromal internalizing disorders such as depression. To better isolate the effects of substance exposure on the adolescent brain, the newly launched Adolescent Brain Cognitive Development (ABCD) study, funded by the National Institutes of Health, will follow the neurodevelopmental trajectories of over 11,000 American 9-to 10-year-olds for 10 years, into emerging adulthood. This study will provide a rich open-access dataset on longitudinal interactions of neurodevelopment, environmental exposures, and childhood psychopathology that confer addiction risk. The ABCD twin study will further clarify genetic versus experiential influences (e.g., substance use) on neurodevelopmental and psychosocial outcomes. Neurocircuitry thought to regulate mood and behavior has been directly normalized by administration of psychoactive medications and by cognitive therapies in adults. Because of this, we contend that ABCD project data will be a crucial resource for prevention and treatment of SUD in adolescence because its cutting-edge neuroimaging and childhood assessments hold potential for discovery of additional targetable brain differences earlier in development that are prognostic of (or aberrant in) SUD. The ABCD sample size will also have the power to illuminate how sex differences, environmental interactions, and other individual differences interact with neurodevelopment to inform treatment in different groups of adolescents.
Introduction
Substance use disorder (SUD) is a neurodevelopmental disorder when symptoms onset during adolescence. For example, lifetime likelihood of developing alcohol use disorder (AUD) increases as a function of how early the individual began alcohol use [1] . Longitudinal cohorts have identified subsets of youth in whom early onset is predictive of heavier use or SUD at follow-up, for alcohol [2] , as well as for nicotine [3] and cannabis [4] . For this reason, prevention of substance use in adolescence is critical for optimal health and psychosocial outcomes.
Behavioral [5] and psychopharmacological [6•, 7] interventions have been shown to normalize functioning of brain circuits for behavior and emotion control. Accordingly, we contend that state-of-the-art neuroimaging in a large longitudinal study of youth will have the statistical power to identify additional subgroups for whom certain interventions may be more likely to be beneficial in either preventing or treating SUD. This in turn will enable (i) neurobiologically informed psychiatric medication of pediatric populations (i.e., personalized medicine), and (ii) identification of novel neurocircuit markers for psychiatric drug discovery. Target patient subgroups could be defined by pubertal development, sex, temperament, neurobehavioral deficits, environmental vulnerabilities, or genetic factors, by virtue of their relationships with precise neurocircuit function. In this overview, we broadly describe motivational etiologies of SUD, the neurocircuit aberrations thought to underlie these etiologies, and how effective clinical interventions alter these neurocircuits. We conclude with a description of the new Adolescent Brain Cognitive Development (ABCD) study as a platform for developmental neurocircuit discovery.
Multiple Neurobiological Pathways to SUD
Improving prevention and treatment of SUD requires greater understanding of how individual differences in substance use motives stem from neurocircuit-driven temperament characteristics [8] . Individual differences in pathways to addiction have been most extensively studied in AUD. Motives for initial heavy drinking vary between positively reinforced (thrill-seeking) and negatively reinforced (self-medication of negative affect) [9, 10] . Indeed, in AUD, "type A" [11] or "type 1" [12] are characterized by later age of onset and negative-affect-related drinking. In contrast, "type B" [11] or "type 2" [12] are predominantly male, with earlier onset, frequently in tandem with antisocial behaviors. These typologies are thought to result from divergent genetically influenced neurobehavioral traits such as vulnerability to stress [13] . Motivation for abuse of other substances may also be divided along similar lines [14] ; different motives could have distinct and shared neurocircuit underpinnings.
Neurodevelopmental Underpinnings of the Negatively Reinforced Pathway to SUD
Relief from stress, anxiety, and depression is a powerful motivator for substance use in many adolescents [14, 15] ; children with affective symptoms are at significant risk for development of SUD [16, 17] . By extension, these youth should show exaggerated reactivity in circuits that govern negative mood reactions. Lindquist et al. [18] recently meta-analyzed functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) experiments that entailed presentation of emotionally valenced stimuli or other transient mood inductions. This did not indicate separate networks for positive versus negative emotional reactions. Rather, the same brain regions (anterior insula, amygdala, pregenual and dorsal anterior cingulate cortex (ACC), and lateral parietal cortex) are invoked for both positive and negative valence, with slight biases toward negativity in the left amygdala and anterior insula [18] . This network of emotion-evoked brain structures bears a striking spatial resemblance to the "salience network" (SN) identified by resting-state fMRI [19] . The SN is thought to calibrate behavioral responses to environmental threats or opportunities [20] .
Enhanced connectivity between SN nodes and the "default mode" network (DMN) is characteristic of depression (in adults), as is enhanced functional connectivity between DMN regions [21•] . DMN activity increases in the absence of external task demands [22] and during self-referential processing [23] . Therefore, enhanced intra-DMN and SN-DMN connectivity could be a signature of propensity for emotionally painful rumination [24] that could prompt substance use. In a structural convergence of SN abnormalities, a recent metaanalysis of voxel-based morphometry (VBM) studies of psychiatric populations revealed that gray matter (GM) reductions (normalized for whole-brain size) in bilateral insula and ACC were common to all mental illness (including SUD) [25•] . Some of these abnormalities have also been found in at-risk children due to family history of AUD [26] . These findings imply that a source of GM abnormalities of SN structures described in cross-sectional VBM studies of alcoholics [27•] may be premorbid characteristics leading to AUD.
Collectively, this suggests that early neurodevelopmental aberrations of the SN structure and connectivity in childhood and adolescence may be markers for proneness toward negative affect leading to SUD. For example, Lippard et al.
[28] recently reported that among mid-adolescents with bipolar disorder, lower GM volume in the insula, dorsolateral prefrontal cortex (dlPFC), and orbitofrontal cortex (OFC) at baseline predicted greater incidence of SUD symptomatology at 6-year follow-up. Task-elicited activation of SN nodes, such as increased reactivity of amygdala to emotional faces in borderline personality disorder [29] or in depressed adolescents [30] , are also candidate markers of SUD risk. Schuckit et al. [31] recently reported that increased SN (anterior insula) reactivity to emotional faces in emerging adults age 20 was predictive of alcohol problems at 5-year follow-up. In sum, longitudinal assessment of SN neurocircuitry (both before and after substance initiation) may yield additional insights into the relationship between substance use and neurodevelopment.
Neurodevelopmental Underpinnings of the Positively Reinforced Pathway to SUD
Most research on brain-based contributors to substance use in adolescence has concerned the positively reinforced pathway [32] . Binge drinking in high school is thought to result from positive expectancies about alcohol effects [33] , and positive expectancies about alcohol effects have been linked to both questionnaire [34, 35] and brain markers [36] of increased impulsivity in adolescents or emerging adults. Impulsivity is a multi-faceted trait [37] that confers sensitivity to positive reinforcement, and has been conceptually divided into rapidresponse and decision-based subtypes [38] . The former operates on short timescales by "acting without thinking," and has been operationalized as increased commission errors (CE) to non-target stimuli or poor ability to terminate an already-initiated motor response in signal-detection tasks. Decision-based impulsivity is usually operationalized by exaggerated preference for small but immediate rewards over larger but delayed rewards.
A prevailing theory attributes substance use to impulsivity resulting from overactive approach-motivation neurocircuitry to cues for drug rewards that is insufficiently regulated by behavioral-control circuits in the prefrontal cortex (PFC) [39] . Patients with PFC lesions [40] , as well as fMRI studies [41] , show that the PFC regulates incentivized behavior. For example, the dorsolateral PFC (dlPFC) is recruited by decisions to defer gratification [42, 43] . The dlPFC is thought to send information to the ventromesial PFC (vmPFC) to integrate the total effective value of an incentive [42] . With respect to delayed rewards, dlPFC is recruited during the imagination of self in future outcomes, using autobiographical memory to construct envisioned scenes [44] . Impaired dlPFC neurodevelopment could therefore provide an impulsivity-based risk marker for SUD [45] .
Evidence for the impulsivity-based account of SUD risk is abundant in neurobehavioral [46] and functional neuroimaging [32] literature on children with conduct disorder or oppositional defiant disorder, who are at risk for SUD [47] . Laboratory behavioral studies suggest that hypersensitivity to rewards and ambivalence toward punishments is characteristic of these disorders [48, 49] . Setting aside diagnoses, longitudinal studies support a mechanistic consequence of these behavioral tendencies for SUD directly. For example, the link between sensation-seeking personality at 14 and binge drinking at 16 was mediated by reward sensitivity in an incentivized go-nogo task [50] . Fernie et al. [51] reported that both rapid-response impulsivity and decision-based impulsivity in 12-and 13-year-olds was predictive of higher alcohol use in 6-month follow-up. Neuroimaging signatures of reward sensitivity and reduced impulse control may also be direct risk factors for SUD [52, 53] . For example, exaggerated mesolimbic responses to reward deliveries are characteristic of sensationseeking youth [54, 55] , youth with externalizing disorders [56] , as well as individuals with SUD [57•]. Conversely, both externalizing disorders [32] and SUD [58] are associated with blunted recruitment of inhibitory or errormonitoring neurocircuitry of the ACC and anterior insula/inferolateral PFC (ilPFC) by non-substance-related inhibition tasks, where this blunted recruitment has correlated with impaired control over drinking [59] .
Finally, many children show both internalizing and externalizing symptomatology as risk factors for SUD. On a structural level, a meta-analysis of VBM studies showed that youth with conduct problems (especially with early onset) showed reduced insula and amygdala GM volumes [60•] akin to that seen in adult general mental illness [25•] . Furthermore, McTeague and colleagues [61•] highlighted how even mood disorders are characterized by impaired cognitive control. They suggested that a common decrement in a "multiple demand" network can jointly underlie failure to regulate emotion as well as behavior. This may be manifested in bipolar disorder or borderline personality disorder, which are defined by both impulsivity and mood dysregulation.
The hypothesis that inhibitory function is a unitary, cross-cutting cognitive trait is suggested by factor analysis of within-subject performance across a variety of different cognitive tasks, in a "unity and diversity" model [62] . In variations of this model, a common latent factor accounts for shared variance in performance across all tasks, but with additional specific latent factors for taskswitching and information-updating [62] . Importantly, this general factor essentially accounted for inhibitory control performance, because successful performance of most tasks requires inhibition of non-desired responses or resistance to distracting information. This general factor is thought [61• ] to be instantiated in the set of regions that are routinely activated by nearly every cognitive task studied in fMRI [63, 64] . This set of "task-positive" regions includes several nodes of the SN (ACC, anterior insula/ilPFC) [25•] , with the addition of the dlPFC and superior parietal lobe. Recruitment of these commonly activated regions (perhaps as network "hubs") may simply be a minimum requirement for task performance, such that individual differences in cognition lie in connections to those hubs [62] . How the parcellation of cognitive performance changes across neurodevelopment is less understood, however.
Cognitive Control Circuitry is Frequently Enhanced by Psychiatric Medications or by Cognitive Behavioral Therapy
In sum, many neurocircuit correlates of internalizing and externalizing traits could serve as points of intervention to either prevent or treat SUD. Not surprisingly, several fMRI studies of brain changes following chronic psychotropic medication or cognitive behavioral therapy sessions indicate that these interventions alter functional activation or connectivity of structures relevant for cognitive control. A prime example would be the extensively replicated finding that chronic stimulant administration to ADHD subjects increases activity in the right ilPFC/anterior insula SN "hotspot" for behavioral inhibition [65] . Another would be the effect of selective serotonin reuptake inhibitors (SSRI) to reduce amygdala/SN reactivity to social threat stimuli, both acutely in controls, and after chronic administration in patients with anxiety disorders [7] .
Similarly, dialectic behavioral therapy normalized the exaggerated amygdala response to emotional faces in subjects with borderline personality disorder [29] .
In general, those medications that show clinical effectiveness tend to increase fMRI signatures of recruitment or connectivity of task-relevant structures (or the "task-on" network), or alternatively to decrease activity of task-irrelevant networks (such as DMN) [6] . This is in line with speculation that cognitive impairment in many psychiatric disorders stems from aberrant "toggling" between task-on and task-off (DMN) networks [66] . Finally, review of executive control training interventions in middle childhood and adolescence [5] indicates that whereas strategy-based training (such as using visual cues in the environment to remember oratory) does not benefit more distal cognitive skills, process-based training of fine-grained executive skills (such as maintaining information in working memory) is more likely to improve performance in unrelated tasks. This also argues for the utility of targeting nodes of a crosscutting executive control network, such that enhancement of one component of this network could indirectly lower impulsivity conducive to SUD [67•, 68] . Importantly, individual differences in these circuits at baseline are predictive of medication response [7] . For example, in patients with major depression, greater connectivity from the insula at baseline was predictive of response to cognitive behavioral therapy [69] .
The New ABCD Longitudinal Study of Adolescent Development Holds Potential to Better Inform Prevention and Treatment of Adolescent SUD
The Adolescent Brain Cognitive Development (ABCD) study, funded by the National Institutes of Health, will provide an unprecedented dataset to enable investigation of individual and/or developmental differences in neurocircuit-based risk for SUD, as well as longitudinal correlates of substance exposure effects. The study launched in September 2016, and will recruit and assess a nationally representative sample of 11,500 9-to 10-year-olds (including 1600 twins) recruited at 21 US sites. The study will follow these children for 10 years. The sampling/data collection component of the University of Michigan's Survey Research Center guide the probability sampling of the participants by demographically targeting schools surrounding each collection site for singleton (non-twin) recruitment.
Multi-modal MRI assessments conducted at baseline and every 2 years thereafter are central to the project (for a full listing of all baseline ABCD assessments, please see https://abcdstudy.org/scientists-protocol.html). First, high-resolution structural imaging will enable computation of volumes of subcortical structures (e.g., hippocampus, accumbens, amygdala), along with measurements of cortical thickness and surface area at over 300,000 sites on the brain. Using diffusion tensor imaging (DTI), the size, structure, and other properties of white matter (WM) fiber tracts will be measured. The project will use fMRI to capture resting-state functional connectivity, as well as brain recruitment by rewards, emotional stimuli, working memory demands, and behavioral inhibition, using a time-efficient selection of tasks that will be administered in counterbalanced order across subjects.
First, the Monetary Incentive Delay (MID) task [70] measures brain signatures of anticipation and receipt of rewards and losses. In brief, participants are presented with incentive cues, which are trained in advance to be associated with four possible gains or losses of real money (+$0.20, +$5.00, −$0.20, −$5.00) or $0. This is followed by a fixation delay, then a dynamically manipulated target period during which subjects must respond to gain or avoid losing money. Feedback of gain or loss is then given on each trial. The Stop Signal Task (SST) [71] is administered to assess impulse control. The SST presents visual stimuli to which the subject must respond. However, a minority of these stimuli are followed ∼250 ms later by a stop signal, such that the child must inhibit an already-initiated response. Finally, the MRI session includes an Emotional Nback task of working memory, wherein the subject must attend to a series of visual stimuli, and respond whether or not each image that matches a reference image directly (0-back) or matches the image shown two images prior (2-back). Notably, the stimuli to be displayed and held in working memory are scenes, as well fearful, neutral, and happy faces, to provide a value-added contrast of reactivity to emotional information. The scan is followed by a post-scan probe of memory for N-back stimuli, to assess potential decrements in hippocampusmediated encoding and recall associated with alcohol and marijuana use [72] . Importantly, these tasks will collectively invoke the SN and executive control circuits discussed above in every child, from mid-childhood until emerging adulthood.
The neuroimaging battery is supplemented by a set of offline neurocognitive tasks administered by iPad. These measures are largely derived from the NIH Toolbox [73] , and include list sorting, oral reading, pattern comparison, picture sequence, and picture vocabulary tests. Mental rotation is probed with the Little Man task. Of special relevance to SUD risk, rapid-response impulsivity is probed in the flanker task, decision-based impulsivity is probed in a cash-choice task, and cognitive rigidity is probed in the dimensional change card sort task. The Rey Auditory Verbal Learning test, Matrix Reasoning, and other tasks round out this comprehensive neurocognitive assessment battery. These tests will collectively enable assessment of the factor structure of cognitive abilities across development, as they relate to structure and function of specific brain networks.
The child's mood symptomatology is self-reported in affective disorder modules of the computerized Kiddie Schedule for Affective Disorders and Schizophrenia-5 (KSADS-5). Substance use histories will be assessed in ageappropriate timeline follow-back (TLFB) interviews, using pictures and calendar cues. Other self-report measures include impulsivity questionnaires from the NIH-supported PhenX toolkit. Use of open-access consensus instruments will facilitate harmonization with other projects.
Extensive REDCap-based computerized parent interviews collect information about the child's sleep, pubertal development, screen-time, household rules and household substance use, family conflict, neighborhood safety, and a host of other environmental factors that may influence substance use initiation, SUD, and/or brain development. In addition, parents complete computerized versions of the Child Behavior Checklist and the KSADS-5 about the child.
A third main type of data is derived from biospecimens, primarily saliva. Presently, blood collection is limited to the four twin sites, but will be expanded to other sites in future assessments. Biospecimens will inform about substance use and pubertal stage, and will enable genetic and epigenetic analyses. A hair sample will be used to assess cannabis constituents in a subset of participants.
In the future, we plan to obtain an instant-read of cotinine (NicAlert) to assess recent nicotine use or exposure to smoked tobacco. Illumina have offered full genome sequencing of all ABCD study participants. Ultimately, the ABCD study will provide a very large genetically informative dataset able to identify new loci associated with neuroimaging phenotypes, psychopathology, substance use, and its risk factors. Beyond whole genome sequencing, an epigenetic assay will evaluate the impact of development, stress, and substance use on methylation and gene expression. When available, baby teeth are collected to test for prenatal and lifetime exposure to metals and drugs.
In alternate (non-scan) years, participants will visit each data collection site for a shorter assessment. This "off-year" assessment is slated to entail interviews and questionnaires about major life events/stressors, changes in substance use, or other mental health status, such as onset of psychosis symptoms. We will also use off-year assessments to track subject perceptions of substance availability, intention to use, and peer use. Upon evidence of substance initiation, follow-on measures will address subjective responses to alcohol, tobacco, and marijuana; craving and tolerance; and substance expectancies. We will also collect biospecimens to monitor physiological changes with puberty. Finally, at each 6-month interim between on-site assessments, a telephone interview of the child will more briefly assess onset or other changes in substance use.
Study of Twins in the ABCD Project Will Yield Additional Critical Information
The ABCD study will collect data from 1600 twins at four sites with active twin research centers: Virginia Commonwealth University, University of Colorado at Boulder, University of Minnesota, and Washington University, St. Louis. Additional twin pairs (∼200) are expected to be recruited at other sites, as approximately one birth in 100 is twins. Twin studies are able to estimate the relative impact of genetic and environmental factors on individual differences in the population. While the ABCD twins will be used to map the heritability of different parts of the brain [74] , this is not the main goal. Rather, we focus on the fact that MZ twin pairs share both 100% of their genetic variants and many salient features of the environment, from neighborhood to schools, parenting style, and, e.g., the availability of illicit drugs. Although twins may not share 100% of, e.g., exposure to harsh parenting, they likely share a great deal of it, and therefore a participant's cotwin is an excellent matched control. DZ twins share on average 50% of their genome with their twin, but for any trait with a substantial heritability, a DZ cotwin represents a much closer type of control than matching on age and other demographic data.
Studies of twins add unique scientific value. Randomized clinical trials that compare groups that have received different treatments are valuable for causal inference, but may have limited scope. When considering substance use and neurodevelopment, ethical concerns prevent such experimental approaches, and we may lack knowledge about exactly which factors in a person's life history are relevant to the outcome. A study of discordant twins can, however, yield similar information. Known as the cotwin control (CTC) method, it simply regresses intrapair differences on, e.g., neuroimaging phenotypes onto intrapair differences in substance use. Because twins are concordant for genotype and shared environmental factors, they are excluded as putative causal agents behind such differences. It is also necessary to include pair sums in the regression, because a pair difference of, e.g., a standard deviation carries different information depending on the twins' deviations from the population mean.
Model-fitting analyses of data collected from relatives have become very popular in the past 25-30 years. Structural equation models (SEMs) subsume a wide variety of statistical methods within a simple mathematical framework. One reason for its broad appeal is that models can be specified with either equations (typically matrix algebra) or a path diagram. A second feature is that most models can be fitted by maximum likelihood, which is efficient. To model data from MZ and DZ twins, a multiple-group SEM is used, because the modelpredicted covariances of MZ and DZ twins differ [75] . Figure 1 shows a path diagram for several forms of association between substance use and a neurocircuitry measure of interest. (Fig. 1) . Fig. 1 . Path diagram showing measured neurocircuitry and substance use variables (boxes) and a latent common cause factor, for each of two relatives. Relatives may covary (cyan two-headed arrows) via paths rCC, rNC, and rSU. Within each individual, neurocircuitry may affect substance use (path b), or vice-versa (path c), or the two may covary due to common causes (paths d1 and d2). Submodels with subsets of the paths b, c, d1, and d1 fixed to zero are used to test alternative hypotheses of causation.
Methods for analysis of repeated measures from twins have been available for over 30 years [76] . First, latent growth curve methods are readily extended to data from MZ and DZ twins by partitioning latent growth factors (such as level, slope, and curvature) into genetic and environmental components of variance. The Markov model permits estimation of genetic and environmental contributions to developmental change of a single trait (e.g., neurocircuit function) over time. For each of the variance components (A = additive genetic factors, C = environmental factors shared between cotwins, and E = environmental factors unique to each cotwin), three types of variation may be modeled: a factor common to all occasions, new variance for each occasion, and transmission from one occasion to the next. Mathematically, growth curve models are suitable for application to multivariate twin data and long time series. They can offer novel insights into processes such as relapse and rebound effects-known phenomena in substance use patterns over time. In light of a key goal of the ABCD project to investigate causal effects of substance use on neurodevelopment, use of the cotwin design can therefore approximate the unique environmental impact of substance exposure on the brain while controlling for genetically programmed neurodevelopment.
Conclusions
The ABCD study will illuminate with unprecedented clarity the interplay across adolescent development between substance use and neurocircuitry that both confers risk of SUD and is affected by chronic alcohol and other substance use. In light of extant evidence that therapeutic interventions normalize these circuits in clinical responders, understanding developmental differences and environmental interactions with these circuits will be crucial for drug discovery and for better targeting of therapies in childhood and adolescence. Importantly, ABCD data will be accessible to qualified investigators, to expand the utility of this dataset for discovery science.
Human and Animal Rights and Informed Consent Recruitment and procedures of each site and the coordinating center of the ABCD study are continually monitored by the ABCD External Advisory Board and the Bioethics and Medical Oversight advisory panel, and have been approved by either the local site Institutional Review Board (IRB) or by local IRB reliance agreements with the central IRB of the University of California-San Diego (site of the ABCD Coordinating Center).
